1. Introduction {#sec1}
===============

The pandemic of severe pneumonia (COVID-19) caused by the transmission of the new coronavirus SARS-CoV-2 is a serious threat to humanity ([@bib8]; [@bib11]; [@bib12]). At present, no vaccines exist, and the nucleoside analog remdesivir (RDV) has recently been approved for treatment of SARS-CoV-2 infection ([@bib10]). RDV has broad-spectrum antiviral activity against several viruses, including Ebola virus and coronaviruses. In addition to RDV, there is an attempt to treat COVID-19 with existing drugs developed for other purposes. These include hydroxychloroquine and chloroquine ([@bib14]), the anti-influenza virus agent favipiravir (FPV) ([@bib17]), and the human immunodeficiency virus type 1 (HIV-1) protease inhibitor lopinavir/ritonavir ([@bib4]). More recently, the anti-parasitic agent ivermectin has been shown to inhibit SARS-CoV-2 replication in cell cultures ([@bib3]). However, these drugs are not optimized for SARS-CoV-2, so that they may have inevitable adverse effects due to the requirement of higher dosages. Furthermore, these antiviral agents must be used at an early stage of infection, since severe deterioration of pneumonia in some patients is considered to be closely associated with not viral replication but "cytokine storm" caused by dysregulated and excessive cytokine release from activated immune cells ([@bib24]). Therefore, the use of anti-inflammatory and immunomodulatory agents is mandatory in the late stage of this disease ([@bib1]).

We have examined several compounds for their inhibitory effect on SARS-CoV-2 replication in cell cultures and found that the chemokine receptor antagonist cenicriviroc (CVC) inhibits the replication of SARS-CoV-2. CVC is a C--C chemokine receptor type 5 (CCR5) antagonist with potent and selective anti-HIV-1 activity ([@bib2]). In addition, CVC antagonizes not only CCR5 but also C--C chemokine receptor type 2b (CCR2b). Since CCR2b is the receptor of monocyte chemoattractant protein 1 (MCP-1), CVC exerts anti-inflammatory and immunomodulatory effects *in vivo* ([@bib7]; [@bib22]). In fact, CVC is currently under clinical trials for the treatment of nonalcoholic steatohepatitis (NASH), in which immune cell activation and dysregulation of proinflammatory cytokines play an important role in its pathogenesis ([@bib16]).

2. Materials and Methods {#sec2}
========================

2.1. Cells and virus {#sec2.1}
--------------------

VeroE6 cell line expressing transmembrane protease serine 2 (VeroE6/TMPRSS2) highly susceptible to SARS-CoV-2 infection ([@bib13]) was obtained from Japanese Collection of Research Bioresources (JCRB) Cell Bank in Japan (JCRB no. JCRB1819) and used for virus propagation and antiviral assays after removal of mycoplasma contamination. Vero cells were also used for experiments. The cells were cultured in Dulbecco\'s modified Eagle medium (Nacalai Tesque, Kyoto, Japan) supplemented with 5% heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin G, 100 μg/ml streptomycin, and 1 mg/ml G418 (Nacalai Tesque). For antiviral assays, the cells were cultured in the absence of G418. SARS-CoV-2 (WK-521 strain, GISAID database ID EPI_ISL_408667), a clinical isolate from a COVID-19 patient, was provided by National Institute of Infectious Diseases, Tokyo, Japan ([@bib13]). The infectious virus titer was determined in VeroE6/TMPRSS2 cells and expressed as 50% cell culture infectious dose (CCID~50~) per ml.

2.2. Reagents {#sec2.2}
-------------

CVC and maraviroc (MRV) were purchased from MedChemExpress (Monmouth Junction, NJ). The nucleotide/nucleoside analogs RDV and FPV were obtained from ChemScence (Monmouth Junction, NJ) and Selleck Chemicals (Houston, TX), respectively. MCP-1 was purchased from PetpoTech (Rocky Hill, NJ). MRV is the CCR5 antagonist clinically approved for treatment of HIV-1 infection ([@bib21]). Except for MCP-1, these compounds were dissolved in dimethyl sulfoxide (DMSO) at a concentration of 20 mM or higher to exclude the cytotoxicity of DMSO and stored at −20 °C until use. MCP-1 was dissolved in distilled water.

2.3. Antiviral assays {#sec2.3}
---------------------

VeroE6/TMPRSS2 cells (2 × 10^4^ cells/well) were cultured in a 96-well microtiter plate and incubated at 37 °C. After 24 h, the cells were mock-infected or infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.01 and cultured in the absence or presence of various concentrations of test compounds. After 3 days, the number of viable cells was determined by a tetrazolium dye method. Briefly, 100 μl of culture medium was removed from each well, and 10 μl of water-soluble tetrazolium dye solution (Dojindo, Kumamoto, Japan) was added. After incubating at 37 °C for 2 h, 100 μl of isopropanol acidified with hydrochloric acid was added, and the absorbance was read at two wavelengths (450 and 620 nm) with a microplate reader ([@bib15]). The 50% effective concentration (EC~50~) of each compound was calculated from a dose-dependent curve based on the viability of infected and uninfected cells. All experiments using SARS-CoV-2 were conducted in biosafety level 3 (BSL3) facilities of Kagoshima University.

For immunofluorescence microscopy, Vero cells (2 × 10^4^ cells/well) were cultured in a microtiter plate and incubated. After 24 h, the cells were infected with SARS-CoV-2 at a MOI of 0.1 in the absence of CVC and incubated. After 2 h, the cells were washed with phosphate buffered saline (PBS) to remove unadsorbed virus particles and further incubated in the absence or presence of 40 μM CVC. After 3 days, the cells were fixed with 4% paraformaldehyde in PBS for 15 min. Then, the solution was removed, and the cells were washed with PBS and permeabilized with methanol. After washing with PBS, the cells were treated with PBS containing 1% bovine serum albumin (Sigma-Aldrich, St. Louis, MO) and 0.1% Tween 20 (Fujifilm Wako, Osaka, Japan) and incubated overnight at 4 °C with an anti-SARS-CoV-2 nucleocapsid rabbit antibody (GeneTex, Irvine, CA). After incubation, the cells were washed with PBS and stained with the secondary antibody goat anti-rabbit IgG H&L (Alexa Fluoro® 488; Abcam, Cambridge, UK). The cells were washed with PBS, stained with 4',6-diamidino-2-phenylindole (DAPI; Bio-Rad, Hercules, CA), and observed under a fluorescent microscope (BZ-X800; Keyence, Osaka, Japan).

2.4. Determination of viral RNA levels {#sec2.4}
--------------------------------------

The inhibitory effect of compounds on SARS-CoV-2 replication was also evaluated by the viral RNA levels in culture supernatants of the infected cells. VeroE6/TMPRSS2 cells were infected with the virus and incubated for 3 days in the absence or presence of test compounds, as described above. Ten μl of each culture supernatant was mixed with 10 μl of SideStep Lysis and Stabilization Buffer (Agilent Technologies, Santa Clara, CA) and diluted with 80 μl of distilled water. The amount of viral RNA was measured by real-time reverse transcription polymerase chain reaction (RT-PCR) using TaqMan Gene Expression Cells-to-CT™ Kit (Thermo Fisher Scientific, Waltham, MA), according to the manufacturer\'s protocol except for its cell lysis step. The primer pair 5′-AAATTTTGGGGACCAGGAAC-3′ and 5′-TGGCAGCTGTGTAGGTCAAC-3′ and the probe 5′-FAM-ATGTCGCGCATTGGCATGGA-TAMRA-3′ were used for real-time PCR ([@bib18]). The SARS-CoV-2 plasmid control for creating the calibration curve was obtained from Integrated DNA Technologies (Coralville, IA). To examine the virus growth kinetics, culture supernatants were collected on days 1, 2, and 3 after virus infection. Viral RNA was extracted and purified using RNAzol® (Molecular Research Center, Cincinnati, OH) and Direct-zol RNA MicroPrep Kit (Zymo Research, Irvine, CA), according to the manufacturer\'s protocol. The purified RNA was subjected to reat-time RT-PCR to determine the amount of viral RNA, as described above.

3. Results {#sec3}
==========

When VeroE6/TMPRSS2 cells were infected with SARS-CoV-2 and incubated in the absence of compounds for 3 days, the cells were completely destroyed by the virus-induced cytopathic effect ([Fig. 1](#fig1){ref-type="fig"} B). Such cell destruction was not observed for the infected cells in the presence of 20 μM CVC, although some morphological changes were identified ([Fig. 1](#fig1){ref-type="fig"}D). In contrast, MRV did not inhibit the virus-induced cell destruction even at 40 μM ([Fig. 1](#fig1){ref-type="fig"}F). The EC~50~s of CVC and MRV were 19 ± 0.2 and \>40 μM, respectively, based on the inhibition of virus-induced cell destruction ([Table 1](#tbl1){ref-type="table"} ). Both compounds did not show apparent cytotoxicity at concentrations up to 80 μM. Dose-dependent protection of the infected cells from virus-induced cell destruction was observed for CVC but not for MRV ([Fig. 2](#fig2){ref-type="fig"} ). These results indicate that CVC is a selective inhibitor of SARS-CoV-2 replication. As previously reported ([@bib20]), RDV proved to be a potent and selective inhibitor of SARS-CoV-2 replication in our assay, whereas FPV did not show any selective inhibition even at a concentration of 80 μM ([Table 1](#tbl1){ref-type="table"} and [Fig. S1](#appsec1){ref-type="sec"}).Fig. 1Inhibitory effect of CVC on virus-induced destruction of VeroE6/TMPRSS2 cells. The cells were mock-infected (upper panels) or infected with SARS-CoV-2 at a MOI of 0.01 (lower panels) and cultured in the absence (A, B) or presence of 20 μM CVC (C, D) or 40 μM MRV (E, F). After 3 days, the cells were observed microscopically. Magnification: × 100.Fig. 1Table 1Anti-SARS-CoV-2 activity of CVC, MRV, RDV, and FPV in VeroE6/TMPRSS2 cells.Table 1CompoundEC~50~[a](#tbl1fna){ref-type="table-fn"} (μM)CC~50~[b](#tbl1fnb){ref-type="table-fn"} (μM)SI[c](#tbl1fnc){ref-type="table-fn"}CVC19.0 ± 0.2\>80\>4.2MRV\>40\>80--RDV1.1 ± 0.5\>80\>72FPV\>80\>80--[^2][^3][^4][^5]Fig. 2Inhibitory effect of CVC on SARS-CoV-2 replication in VeroE6/TMPRSS2 cells. The cells were mock-infected or infected with SARS-CoV-2 at a MOI of 0.01 and cultured in the presence of various concentrations of CVC (A), MRV (B) or MCP-1 (C). After 3 days, the number of viable cells was determined by a tetrazolium dye method (see Materials and Methods). For infected cells, all experiments were conducted in triplicate, and mean values ± standard deviations are shown. Statistical analysis of the data was performed using Student *t*-test (\**p* \< 0.05). Significance was examined between the number of viable cells in the presence of compound and that in the absence of compound. The number of viable cells was not determined (ND) at a concentration of 80 μM. For uninfected cells, all experiments were conducted in duplicate, and mean values ± ranges are shown.Fig. 2

The anti-SARS-CoV-2 activity was also examined by the inhibition of viral antigen expression in Vero cells. Vero cells is less susceptible to SARS-CoV-2 replication than VeroE6/TMPRSS2 cells. In fact, Vero cells were not destroyed by the virus-induced cytopathic effect on day 3 after infection ([Fig. 3](#fig3){ref-type="fig"} A). However, viral antigen expression was observed for many cells in the absence of CVC ([Fig. 3](#fig3){ref-type="fig"}B). In contrast, the antigen expression was completely inhibited in the presence of 40 μM CVC ([Fig. 3](#fig3){ref-type="fig"}D). When the anti-SARS-CoV-2 activity of CVC was evaluated by the viral RNA levels in culture supernatants of the infected cells, CVC significantly and dose-dependently reduced the amount of viral RNA in culture supernatants ([Fig. 4](#fig4){ref-type="fig"} A). Its EC~50~ in this assay was 2.9 μM, and more than 95% inhibition was achieved by CVC at a concentration of 10 μM. In contrast, MRV did not reduce the viral RNA levels at concentrations up to 40 μM ([Fig. 4](#fig4){ref-type="fig"}B). To confirm the inhibitory effect of CVC on SARS-CoV-2 replication, the viral growth kinetics was investigated, in which the culture supernatants were collected every day and examined for their viral RNA levels. As shown in [Fig. 5](#fig5){ref-type="fig"} , CVC but not MRV suppressed the replication of SARS-CoV-2 in infected VeroE6/TMPRSS2 cells in a dose dependent manner. On the other hand, it appeared that MRV slightly accelerated the growth of SARS-CoV-2 at a concentration of 20 μM.Fig. 3Inhibitory effect of CVC on viral antigen expression in Vero cells. The cells were infected with SARS-CoV-2 at a MOI of 0.1 and cultured in the absence (A, B) or presence of 40 μM CVC (C, D). After 3 days, the cells were fixed and stained with an anti-SARS-CoV-2 nucleocapsid rabbit antibody followed by an anti-rabbit IgG antibody with fluorescence (see Materials and Methods). The cells were further stained with DAPI and observed with phase-contrast microscopy (A, C) and fluorescent microscopy (B, D). Magnification: × 40.Fig. 3Fig. 4Inhibitory effect of CVC on viral RNA levels in culture supernatants of infected VeroE6/TMPRSS2 cells. The cells were mock-infected or infected with SARS-CoV-2 at a MOI of 0.01 and cultured in the presence of various concentrations of CVC (A) or MRV (B). After 3 days, the amount of viral RNA in culture supernatants was determined by real-time RT-PCR (see Materials and Methods). All experiments were conducted in triplicate, and mean values ± standard deviations are shown. Statistical analysis of the data was performed using Student *t*-test (\**p* \< 0.05). Significance was examined between the viral RNA level in the presence of compound and that in the absence of compound.Fig. 4Fig. 5Inhibitory effect of CVC on viral growth kinetics in VeroE6/TMPRSS2 cells. The cells were infected with SARS-CoV-2 at a MOI of 0.01 and cultured in the presence of CVC or MRV at the indicated concentrations. On days 1, 2, and 3, the amount of viral RNA in culture supernatants was determined by real-time RT-PCR (see Materials and Methods). All experiments were conducted in triplicate, and mean values ± standard deviations are shown (standard deviations are too small to appear). Statistical analysis of the data was performed using Student *t*-test (\**p* \< 0.05). Significance was examined between the viral RNA level in the presence of compound and that in the absence of compound.Fig. 5

4. Discussion {#sec4}
=============

In 2005, we have reported that the small molecule and orally bioavailable CCR5 antagonist CVC inhibits HIV-1 replication at subnanomolar concentrations *in vitro* ([@bib2]). The anti-HIV-1 activity of CVC is attributed to the inhibition of viral entry using CCR5 as a coreceptor. However, different from other anti-HIV-1 CCR5 antagonists such as MRV, CVC also suppresses the binding of MCP-1 to CCR2b-expressing cells. This unique feature of CVC encouraged its manufacturer to develop this compound as an agent for treatment of NASH. A recent randomized, placebo-controlled trial of CVC for treatment of NASH demonstrated that twice as many subjects achieved improvement in fibrosis and no worsening of steatohepatitis compared with placebo ([@bib9]; [@bib19]). Safety and tolerability of CVC were found to be comparable to placebo, suggesting that it can be administered safely to COVID-19 patients for preventing severe deterioration of pneumonia due to the cytokine storm. In fact, alveolar macrophage-borne MCP-1 was reported to be a key agent in the initiation of the systemic inflammation of alveolar hypoxia in rats, and a CCR2b receptor antagonist prevented the mesenteric inflammation of alveolar hypoxia ([@bib5]). Furthermore, a recent study on transcriptome sequencing of the RNAs isolated from the bronchoalveolar lavage fluid and peripheral blood mononuclear cells specimens of COVID-19 patients revealed the association between its pathogenesis and excessive cytokine release including MCP-1 ([@bib23]).

It will be claimed that the anti-SARS-CoV-2 activity of CVC *in vitro* is insufficient for the treatment of COVID-19 patients. However, our antiviral assay system using VeroE6/TMPRSS2 cells based on the inhibition of virus-induced cell destruction appears to be aggressive. SARS-CoV-2 uses the SARS-CoV receptor angiotensin-converting enzyme 2 for entry and the serine protease TMPRSS2 for S protein priming. This explains why VeroE6/TMPRSS2 are highly susceptible to SARS-CoV-2 infection ([@bib13]). When the parental cell line Vero was infected with SARS-CoV-2 at a MOI of 0.1 and cultured for 4 days, approximately half of the infected cells survived even in the absence of compounds ([Fig. S2](#appsec1){ref-type="sec"}). Under such experimental conditions, CVC completely inhibited virus-induced cell destruction at 10 μM in Vero cells. The EC~50~ values of anti-SARS-CoV-2 compounds reported to date are rather high in VeroE6/TMPRSS2 cells. For instance, the EC~50~s of RDV and hydroxychloroquine were 1.1 and 22.5 μM, respectively ([Table 1](#tbl1){ref-type="table"} and data not shown). The broad-spectrum anti-RNA virus agent FPV was not inhibitory to SARS-CoV-2 replication even at 80 μM ([Table 1](#tbl1){ref-type="table"} and [Fig. S1](#appsec1){ref-type="sec"}), which is consistent with a previous report ([@bib6]). The anti-SARS-CoV-2 activity of CVC was more obvious, when determined by the inhibition of viral RNA levels in culture supernatants. Its EC~50~ was 2.9 μM ([Fig. 4](#fig4){ref-type="fig"}), which was similar to those of RDV (1.9 μM) and ivermectin (2.2--2.8 μM) (data not shown and [@bib3], respectively). Thus, although the anti-SARS-CoV-2 activity of CVC *in vitro* is modest, we cannot exclude the possibility that CVC exhibits some antiviral efficacy in COVID-19 patients.

The target molecule of CVC remains to be elucidated. Our preliminary studies on its mechanism of action revealed that CVC did not interfere with the entry of SARS-CoV-2 (data not shown). Unlike HIV-1, CCR5 is not the target of CVC for inhibition of SARS-CoV-2 replication, since another potent CCR5 antagonist MRV was totally inactive ([Figs. 2](#fig2){ref-type="fig"}B and [4B](#fig4){ref-type="fig"}). Furthermore, MCP-1 could not block SARS-CoV-2 infection ([Fig. 2](#fig2){ref-type="fig"}C), suggesting that CCR2b is not the target molecule either. Further studies, such as a time-of-addition experiment and biochemical approaches, are required to elucidate the mechanism of action, and they are currently in progress.

In conclusion, in addition to the potent anti-inflammatory activity of CVC *in vivo*, the present study has identified its anti-SARS-CoV-2 activity *in vitro*. Since not only the inhibition of viral replication but also the control of excessive immune activation is mandatory to save COVID-19 patients at the late stage of the disease, CVC should be further pursued for its potential in the treatment of SARS-CoV-2 infection.

Appendix A. Supplementary data {#appsec1}
==============================

The following is the Supplementary data to this article:Multimedia component 1Multimedia component 1
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